The rapid escalation of agricultural and industrial activities as a result of the population growth is yielding a dramatic increase of the number of pollutants released worldwide on a daily basis into the environment. These contaminants, which are very diverse in nature and range from heavy metals and distillates to micropollutants such as nitrosamines 1 and endocrine disruptors, 2 represent one of the largest public health and environmental concerns. 3, 4 As a consequence, there is a need for developing new robust technologies for low-cost and effective removal of contaminants from water.
The rapid escalation of agricultural and industrial activities as a result of the population growth is yielding a dramatic increase of the number of pollutants released worldwide on a daily basis into the environment. These contaminants, which are very diverse in nature and range from heavy metals and distillates to micropollutants such as nitrosamines 1 and endocrine disruptors, 2 represent one of the largest public health and environmental concerns. 3, 4 As a consequence, there is a need for developing new robust technologies for low-cost and effective removal of contaminants from water. 5 Among them, adsorption processes, based on the capturing of the pollutant (i.e. analyte) by an adsorbent (i.e. receptor) is a chemically programmable approach, which relies on supramolecular recognition events. The development of ad hoc receptors makes it possible to exploit this extremely versatile strategy in a variety of environments. [6] [7] [8] [9] Moreover, by taking advantage of the reversible nature of non-covalent interactions, the regeneration of the adsorbent enables its use multiple times. Typically, hygroscopic materials such as activated carbon (AC) 10 are being exploited as adsorbent due to their remarkable capacity to adsorb a wide range of pollutants. 11 Nevertheless, the wide use of activated carbon is hampered by its processing and high production cost, limited chemical selectivity and the severe regeneration processes. 12 Alternative adsorbents based on nanoparticles 13 metal organic frameworks (MOF) 14 and carbonaceous materials such as carbon nanotubes (CNTs) and graphene have been proposed. [15] [16] [17] [18] Compared to CNTs, the use of two-dimensional materials (2DMs) as platforms for development of new adsorbents offers various advantages. 2DMs are atomically thick and possess two planar surfaces available for contaminant adsorption, thus featuring extremely high surface-to-volume ratio. Moreover, graphene can be easily produced in the form of graphene oxide (GO) which displays numerous oxygen-rich functional groups such as carbonyls, epoxides, and hydroxides that act both as reactive sites for further covalent functionalizations [19] [20] [21] [22] and can interact via dipole-dipole or strong electrostatic interactions with the pollutant molecules, enhancing the occurrence of adsorption events. By mastering such interaction types, a variety of GObased systems have been designed 23 as adsorbents for the removal of inorganic species from aqueous solutions. [24] [25] [26] Noteworthy, because of its chemical nature GO is highly hydrophilic and its exposure to humid environment results in weight increase. 27 Interestingly, the hydrophilic nature of GO can be enhanced through the introduction of nitrogen atoms via chemical reactions. 28 By taking also advantage of GO's ability to assemble into highly porous structures, its capacity to adsorb cations is much greater than any other known sorbent. 29, 30 In particular, it was shown that neat GO has a high absorption capacity for Cu(II) (223 mg g Numerous factors, such as pH and ionic strength have been found to influence the adsorption capability of metal ions on GO. In particular, the pH pzc (point of zero charge) value of GO was estimated as 3.9, 32 and therefore the surface of GO is positively charged at pH < pH pzc , and is negatively charged at pH > pH pzc . Such behavior can be ascribed to the protonation of hydroxyl and carboxyl moieties, making GO positively charged thereby leading to the emergence of repulsive interactions with the metal cations. 33, 34 Overall, extensive efforts have been devoted towards the development of GO-based adsorbents (GOAs) through the GO functionalization with both inorganic and organic molecules; yet, several obstacles must be overcome to enable their use in daily-life. A major limitation is that most of the existing GOAs are water soluble, and therefore they cannot be easily removed and regenerated after adsorption of pollutants. In order to solve this issue, bridging of GO layers using molecular pillars to form three-dimensional (3D) macroscopic porous structures is an essential step to tailor GOAs properties, simultaneously by preserving many of the unique properties of the individual GO sheets and by benefitting from the presence of molecular linkers. Such approach is being pursued and experimental results showed that 3D GO-based materials possess porous structures and high specific surface areas, [35] [36] [37] making them ideal for applications as adsorbent of heavy metal ions. In this context, the fabrication of 3D GOAs through covalent linkage between individual GO sheets is extremely appealing, as it could result in a remarkable enhancement of the adsorption capacity. In the past few years, GO/branched polyethylenimine (GO-BPEI) hybrid structures generated through the condensation of the carbonyl moieties and ring-opening reactions of the epoxy groups (Figure 1 ), was applied as composite for numerous applications including humidity sensing, 38 adsorption of organic dyes and gasses, 36 energy storage 39 and biochemical, [40] [41] [42] to name a few. BPEI itself has been widely used for encapsulation or adsorption of guest molecules. 43 In particular, branched polyethylenimine is a biocompatible compound and, as a result of its chemical structure, it has strong capacity to interact at the supramolecular level with heavy metal ions. 44, 45 BPEI in fact incorporates a high number of amine groups, which exist in primary, secondary and tertiary forms, 46 , 37 with a branching site at every 3-3.5 nitrogen atom in any given BPEI chain segment, which can be potentially protonated. Thus, at low pH of the solutions BPEI has a high cationic charge density, therefore it can form coordination complexes with heavy metal ions solely in environment characterized by a pH close to neutral or in basic solutions.
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Here we describe a facile approach to the bottom-up fabrication of 3D GO-based adsorbent. The adsorption kinetics and isotherms of Cu(II), Cd(II) and Pb(II) ions on GO-BPEI hybrid at various pH are estimated with the pseudo-first and -second order as well as Freundlich and Langmuir isotherm models. In particular, we show that the adsorption capacity of GO-BPEI foam prepared via condensation reaction is much higher than the one of any known sorbent including neat or functionalized GO. Moreover, we show that the GO-BPEI foam saturated with metal ions can be regenerated upon treatment with either ethylenediaminetetraacetic (EDTA) or nitric acid. The presented results demonstrate the great potential of GObased composites in wastewater purification and represent a notable step forward in the effort of removing toxic metal pollutants from water at a large scale.
Cross-linking between GO and BPEI has been previously reported. ) is monitored and assigned to the formation of amide bonds resulting from the condensation between carboxylic groups of GO and primary amines of BPEI. Noteworthy, while opening of GO's epoxy groups determines the disappearance/shift of the band at 1047 cm −1 , because of the presence of C-N bonds, which originate from BPEI component, the spectra of GO-BPEI exhibit a notable signal at 1040 cm −1 . The formation of the GO-BPEI composite is further evidenced by the appearance of C(aliphatic)-H signals at ca. 2900 cm −1 which is not present in the neat GO. The GO-BPEI was further characterized by Raman spectroscopy a non-destructive technique used to study the structural changes of graphene oxide based materials. In general, chemical modification of graphene-derived materials is often characterized by the changes in the ratio of the D and G bands. After the functionalization of GO with BPEI the I D /I G intensity ratio increases from 1.00 to 1.30, and is attributed to the increase of the sp 3 carbon atoms after functionalization, and is consistent with other reports (see part Raman analysis and Figure S2 in ESI †).
The cristallinity, and in particular the interlayer distance (d 002 ) between functionalized GO sheets within GO-BPEI foam, is characterized by wide-angle X-ray scattering (WAXS). The starting material, i.e. GO, displays a typical sharp peak at 10.02° corresponding to an interlayer spacing of 0.88 nm due to the (002) reflection of stacked GO sheets ( Figure S3 , ESI †), in line with the values reported previously. 48, 49 The 2θ peak of the as-prepared GO-BPEI foam disperses in wide range of angles (7°-16.30°) highlighting nonhomogeneous nature of the foam-like composite, and indicates large changes in the crystalline nature if compared with GO. Based on the Bragg equation, the d 002 spacing is calculated in a range from 0.54 to 1.23 nm and it is ascribed to alternation of GO interlayer spacing 50 as a result of the functionalization with BPEI and partial reduction of GO, which typically occurs in ethanol upon thermal annealing. 51, 52 The wide range of dispersion angle is caused by nonhomogeneous structure of product. X-ray photoelectron spectroscopy (XPS) is exploited to unravel the chemical composition of hybrid material by identifying the relevant chemical elements present in both GO and GO-BPEI. This method is also applied to study the chemical nature of metal ions adsorbed on GO-BPEI. The significant difference between the carbon, oxygen and nitrogen peaks provided the evidence on the chemical bond formation between the oxygen-containing functional groups on the surface of GO and amine groups from BPEI. (see XPS analysis for details in ESI †) The thermal stability of GO, BPEI and GO-BPEI are investigated using thermal gravimetric analysis (TGA). The GO curve displays a weight loss of ca. 50% in range of 150-300 °C caused by decomposition of oxygen functional groups. 53 Conversely, GO-BPEI undergoes degradation in two steps. At first over 100° C the deoxygenation process is observed which determines ca. ~10% weight loss. Sharper drop of mass percentage is monitored around 300 °C and it can be associated to the BPEI's thermal degradation (see Fig. S7 , ESI †). 54 The porosity of GO-BPEI is characterized by N 2 adsorptiondesorption isotherms measurement at 77 K. The starting material of GO displays a specific surface area of ca. 10 m 2 g −1 . Depending on the level of water content, the specific surface area of GO calculated with Brunauer-Emmett-Teller (BET) model falls in the range from 10 to 100 m 2 g −1
.
The average pore diameter calculated with the Barrett-Joyner-Halenda (BJH) model amounts to 13.1 nm (Fig. S8 in ESI †) . A specific surface area of GO-BPEI is calculated as 220 m 2 g −1
Compared to GO, the notable increase of the specific surface area of the GO-BPEI indicates that the interlayer cross-linking BPEI acts as spacer, thereby hindering the stacking between adjacent GO layers, leading to notably greater accessible surface area for the adsorption of N 2 (see Fig. S9 and Table S1 , ESI †). The uptake of the metal ions is then carried out by the means of the adsorption experiments by mixing GO-BPEI and Pb(II), Cd(II) and Cu(II) aqueous solutions at the desired concentration and pH. For the sake of comparison, control experiments, in which neat compounds of GO or BPEI are used as adsorbents, are also carried out (see Experimental Section for details in ESI †). The pH of the solutions of salts are adjusted with HNO 3 (0.1 M) and KOH (0.1 M) and filtered through polytetrafluoroethylene (PTFE) membranes (0.22 μm). Subsequently, GO-BPEI foam is added into the salt solution and pH is re-adjusted. Because of the highly hygroscopic nature of carbon-based adsorbents (e.g. activated carbon), the uptake performance cannot be assessed by the means of gravimetric analyses, since the mass of porous carbon-based materials may vary as a function of humidity. Therefore, spectroscopic techniques have to be employed. In particular, the concentration of metal ions remaining in the solution is determined by using flame atomic absorption spectrometry (F-AAS). In particular, the amount of metal ions captured by GO-BPEI (mg g 
The adsorption isotherms for GO-BPEI as well as for the control samples are fitted better by the Langmuir model than by the Freundlich model (see Figure 3 and Table S2 -3 in ESI †), suggesting that sorption of metal ions onto GO, BPEI and GO-BPEI foam is not exciding monolayer coverage. The maximum adsorption capacity (q max ) values of Cu(II), Cd(II) and Pb(II) on GO-BPEI (see Table S2 , ESI †) are 1096, 2051, and 3390 mg g 31 As shown in Figure 4 , in the case of control experiments the maximum adsorption of metal ions on GO (Fig. 4a) and BPEI (Fig. 4b) is reached at pH 4 and 5, respectively. The adsorption experiment on GO-BPEI foam shows similar results and q max for all metal ions is reached at pH 5 (Fig. 4c) . The uptake capability of heavy metal ions by GO-BPEI increases significantly at pH 5, reaching its maximum, then slowly decreasing at higher pH values. At low pH values (pH < pH pzc ), the surface of GO-BPEI foam is positively charged, and the adsorption of heavy metal ions is in competition with protonation of the nitrogen containing anchoring groups of the BPEI fragment. As a result, segments of BPEI polymer, which serve as supramolecular pockets at neutral pH becomes unable to coordinate the metallic species. Conversely, an increase in the pH (pH > pH pzc ) leads to neutralization of the positive charges on the foam surfaces, which result in an increased capacity to adsorb metal ions. Nonetheless, as aforementioned, the adsorption of metal ions at high pH values is mainly affected by the type of dominant form they adopt in the solution. In particular, at high pH our ions exist as PbOH + and CuOH + thus their non-covalent interactions, i.e. electrostatic and coordination bonds, with GO-BPEI composite is evidently weakened. The difference in the affinity of metal ions to the GO-BPEI foam is then studied by the means of uptake experiments using binary and ternary mixtures. Towards this end, the competitive adsorption of binary and ternary aqueous solutions in mixtures Pb(II)/Cu(II), Pb(II)/Cd(II), Cu(II)/Cd(II), and Pb(II)/Cu(II)/Cd(II) on the GO-BPEI is explored using fixed amount of each metal ions, i.e. 17 mM per 1 g of GO-BPEI, being the maximum loading of GO-BPEI foam for single metal cations at pH = 5 (see Figure S15 , ESI †). Noteworthy, the adsorption of Cd(II) on GO-BPEI decreased sharply in the presence of Pb(II) and Cu(II). Because the affinities of Pb(II) and Cu(II) to GO-BPEI foam are stronger than that of Cd(II), the former ions are adsorbed preferentially, which leads to the lower uptake of Cd(II). Remarkably, the . On the other hand, based on the calculated mass transfer coefficients from polymer supported ultrafiltration (PSU) process the coordination affinity of these metals to neat BPEI has been estimated as Cu(II) >> Pb(II) >> Cd(II). 58 As aforementioned, neat BPEI incorporates a high number of amine groups, which exist in primary, secondary and tertiary forms, and it forms coordination pockets for various metal ions. During cross-linking reaction of BPEI to GO, primary amines are being used as the anchoring groups, and therefore, after the condensation reaction cannot be exploited in the coordination of metal ions. The difference in the affinity of the three metal ions to BPEI and GO-BPEI can be explained by the variations in the nature of the coordination pockets, which possess unlike affinities to metal ions before and after grafting BPEI to GO. In the present case, competitive complexation of metal ions on GO-BPEI was studied by the means of binary and tertiary metal mixtures and adsorption experiments (see Figure S15 , ESI †). The affinity order for GO-BPEI agrees very well with first stability constant of the associated metal hydroxide and metal nitrates. We have studied the influence of Pb(II), Cd(II), Cu(II) adsorption on GO-BPEI in the presence of the background electrolyte (NaNO 3 ) at different concentrations. The effect of background electrolyte on the sorption of heavy metal ions at three different concentrations, i.e. 0.01, 0.05 and 0.1 mol L -1 was investigated at the best performing experimental conditions, namely at the pH = 5. As shown in Figure S16 , ESI † adsorption of Pb(II), Cd(II), Cu(II) ions on GO-BPEI is not affected by the presence of NaNO 3 Additional adsorption experiment were carried out by using tap water, and the results were compared with those obtained for MiliQ water, revealing that the presence of mono and divalent metal ions like Na(I), K(I), Ca(II), Mg(II) does not influence the q max values of heavy metal uptake (see Fig. S17 in ESI †). Finally, the regeneration of the GO-BPEI composite is demonstrated by performing adsorption cycles. To this end, the composite is repeatedly immersed in the aqueous solutions of heavy metal ions and treated with 0.1 M solution of either ethylenediaminetetraacetic acid (EDTA) or nitric acid (see Reusability of GO-BPEI composite in ESI †). It revealed that HNO 3 treatment allows reaching high regeneration efficiency compared to EDTA. The overall decrease in adsorption capacity after ten cycles is found smaller than in the EDTA treated foam, and it amounts to 45% for Cu(II), 20% for Pb(II) and 33% for Cd(II) ions.
Conclusions
In this work, we have described a supramolecular, facile and modular approach to the fabrication of 3D GO-based adsorbent, i.e. GO-BPEI, formed through condensation between GO and BPEI. GO-based 3D foams are particularly appealing for the efficient removal of heavy metal ions from water since they expose numerous oxygen-and nitrogencontaining functional groups, which can interact at the supramolecular level with the metal ions. The GO-BPEI foam generates supramolecular pockets that are particularly suitable for sequestering specific metal ions. This is evidenced by remarkably high maximum adsorption capacities towards heavy metal ions at pH 5: 1096, 2051, and 3390 mg g −1 for
Cu(II), Cd(II) and Pb(II), respectively. These values are much larger than those of any known sorbents including GO and GObased adsorbents. The non-covalent, thus reversible nature of interactions between the GO based foam and the metal ions is key in order to re-generate the foam. We have showed that the adsorbed metal ions can be removed with treatments of either EDTA or nitric acid. The presented results demonstrate Please do not adjust margins
Please do not adjust margins the chemical tailoring of GO-based composites enables to develop highly performing adsorbent for efficient wastewater purification and offer a new avenue towards the effective removal of heavy metal pollutants at large scale. Thermodynamic calculations showed that the adsorption process of heavy metal ions had exothermic and spontaneous nature.
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